The application of high-temperature fuel cells in Waste Water Treatment Plants (WWTPs) 16 combines a high-efficiency electricity generation technology and a renewable fuel, thus 17 simultaneously mitigating greenhouse gas emissions and resource depletion. This study 18 
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Introduction 55
Within the framework of sustainable development, energy in Waste Water Treatment Plants 56 (WWTPs) must be considered not only in terms of consumption reduction, but also in terms of 57 -green‖ energy production. Consumption reduction is achieved through energy efficiencies 58 measures; which are usually carried out through energy auditing, smart process control and 59 replacement of old equipment [1] . On the other hand, -green‖ energy production using the 60 biogas produced during the anaerobic digestion of sewage sludge to produce electricity has 61 turned into an appealing alternative in recent years. engines in which the combustion of the fuel inside the combustion chamber causes the 71 expansion of the high-temperature and high-pressure gases, which apply a direct force onto 72 some component of the engine (i.e.: piston; Otto/Diesel thermodynamic cycle). ICEs are 73 available in a great range of sizes (from a few kWe to over 4 MWe) and are used in a variety of 74 Table 1 . 132
133
On the other hand, data from suppliers/manufacturers was also collected to consolidate and 134 complement data from the audits; both for biogas treatment technologies; p. 
Scenarios description 141
Twelve scenarios covering the most common European scenario were simulated based on the 142 criteria described in Figure 2 . chosen because 100000 PE (wastewater flow 12350 m 3 /day; biogas production 62.5 Nm 3 /h) is 148 the plant size capacity from where anaerobic digestion is usually implemented [35] and 500000 149
European plants [36] . 151
Seasonal variations in biogas production were assessed by term (increases of -15% in Term 1; 152 of +10% in Term 2; of +15% in Term 3; and of -10% in Term 4; respectively over average 153 biogas production). 154 b) Two biogas pollution levels on H2S: 2500 and 250 ppmv H2S: These compositions 155 represent biogas contamination levels commonly observed on sewage biogas in Europe [9, 156 37], depending on wastewater quality and treatment processes implemented. In addition to 157 sulphur contamination, siloxanes concentrations of 10 mgSi/Nm 3 were considered. The CH4 158 content was set at 65% for all scenarios (rest CO2) as a standard average composition. Biogas 159 treatment systems were designed for each specific case according to the different pollution 160 levels and the quality requirements of ECS. for the 100000 PE plant size as the technology is not commercially ready yet) were considered. 164
WWTPs were supposed to be equipped with a flare (for handling biogas production excess and 165 during ECS maintenance or downtime periods) and a boiler (coupled to a sludge heating Heat 166 Exchange Network); hence these costs were not considered in the investment. Thermal 167 unbalances between heat production at the CHP unit and heat demand are satisfied with 168 natural gas consumption. 169 170
Technical and economic indicators 171
A wide range of indicators has been used to assess the technical and economic performance 172 of a biogas energy recovery train [38] [39] [40] [41] [42] [43] where Incomest are the incomes generated by the project in year t (k€/year); which similarly to 225
OPEXt were yearly updated with the last year-on-year rate (3%). 226
Taxes were not considered in the economic calculations; hence PP and IRR were both 227 calculated from Earnings Before Taxes (EBT). 228 229
Modelling of the biogas energy recovery train 230
A biogas energy recovery calculation model was developed to standardize the technical and 231 economic calculations for the twelve scenarios. (500000 PE, H2S 2500 ppmv, Internal Combustion Engine) is presented in Table S1 of the 251 Supporting Information. 252 253   Table S1 . 254 255
Results and Discussion 256
Data collection of operational indicators from the audits 257
The technical and economic indicators of the different biogas treatment and energy conversion 258 technologies/processes collected at the full-scale audits are summarized in Table 2 . Two 259 values are presented for some of the indicators as a result of differences associated to the 260 sizes of the equipment. 261 262 
Definition of the energy recovery train of the different scenarios 265
Biogas treatment systems were designed according to the decision-tree showed in Figure 4 . 266 Main desulphurisation (down to 250 ppmv) followed by siloxanes polishing (down to 0.1 270 mgSi/Nm 3 ) was selected for those ECS with more tolerant sulphur limits (i.e.: ICEs and MTs). 271
On the other hand, for ECS having very stringent quality requirements (i.e.: MCFCs and 272 SOFCs), a more complex three stage treatment system was adopted: main desulphurisation 273 (down to 250 ppmv) followed by H2S polishing (down to 1 ppmv) and siloxanes polishing (down 274 to 0.1 mgSi/Nm 3 ). For each adsorbent material unit, two filters were placed in series with reversing 275 capability (lead-lag operation) as this configuration provided the possibility to operate a single bed 276 while the other bed was changed out or regenerated; ensuring maximum availability of the system. 277
A dryer was also installed upstream the adsorption beds in order to condense moisture from the 278 biogas. Bio-scrubber, a technology with higher CAPEX and lower OPEX, was only considered 279
for main desulphurisation at the 500000 PE WWTP; while caustic scrubber, a technology with 280 lower CAPEX and higher OPEX, was considered at the 100000 PE WWTP. Table 3 . In addition, the average electrical power 291 production during the 4 terms (and the corresponding load) is also indicated. 292 Table 3 . 294
Average loads greater than 80% are obtained, indicating that the nominal power of the ECS 296 matches the biogas energy potential most of the time. Terms with higher biogas production (T2 297 and T3) result in the operation of the ECS at loads of 100% and some biogas being diverted to 298 the flare. The only exception is the MCFC unit on the 100000 PE WWTP, which was oversized 299 as the smallest power size available in the market is 300 kWe; which is too large for the biogas 300 production of this plant. As it will be latter shown, this oversized ECS will have a negative 301 impact on the economic balance of this scenario. 302 installed is more complex; which on the one hand increases its energy consumption and on the 324 other reduces the availability of the entire energy recovery train; thus the overall net electric 325 and thermal productions decrease. Notwithstanding, the effect of this variable is less significant 326 than in the case of WWTP size as the contribution of electric consumption in biogas treatment 327 systems is much smaller than electricity production at the ECS. 328
Finally, the comparison of the different ECS technologies depicts that MCFCs has the highest 329
performance compared to other CHP technologies. At the 100000 PE WWTP, NSFE and 330 electrical self-sufficiency are respectively 30 -32% and 60 -63% higher than ICEs. 331 Notwithstanding, the difference in performance of ICEs and MCFCs is smaller at the 500000 332 PE WWTP for the reasons exposed above. MTs provide the smallest electrical production of 333 the assessed ECS, consistent with their reduced electrical performance; while greatly exceed 334 the thermal demand of sludge heating. Therefore, they can be a very attractive option in 335 WWTP is significantly smaller than in the 500000 PE WWTP not only because of the economyof scale effect but especially because the fuel cell is oversized to match the biogas energy 369 potential (which means that both CAPEX and stack replacement costs are oversized). 370
On the other hand, the influence of the pollution level (B/D vs A/C) in the economic balance is 371 more significant at the 100000 PE rather than at 500000 PE WWTP. On the former, 372 improvements on the LCE for clean gases of around 40% for conventional CHP technologies 373 and of around 20% for fuel cells are observed when compared to polluted gases. Differently, at 374 500000 PE WWTP, improvements are a bit more moderate; i.e.: 22% and 10% respectively. 375
The comparison of the different ECS shows that nowadays ICEs are the most profitable option 376 to be deployed at WWTPs, with payback periods ranging between 2 and 5 years depending on 377 the size and level of biogas pollution. As it is also depicted, micro-turbines are not competitive 378 to ICEs; hence their application range may probably take place at WWTPs less than 100000 379 PE. In the case of MCFCs, despite the payback period is larger than for ICEs (around 4 times), 380 it is concluded that the technology can be profitable and marketable (as it has been proved with 381 the existing installations in USA and Germany). Although the profitability of MCFCs in this study 382 was lower at 100000 PE WWTP; fuel cell application is expected to play a more significant role 383 in small-and medium-scale WWTPs as their performance on these sizes clearly exceeds ICEs 384 performance. Finally, SOFC systems are still not economically competitive today as they show 385 electrical efficiencies comparable to conventional CHP technologies with larger investment 386 costs. 387 388
Sensitivity analysis 389
According to the results obtained, the high CAPEX (k€/kWe) and the low stack replacement 390 rate (years) are the key variables affecting the economic assessment of fuel cell projects (4. analysis of the effect of these two variables on the IRR was conducted to determine the 394 threshold levels at which MCFC technology would be economically profitable compared to ICE 395 (Figures 6 and 7) . IRR of ICEs scenarios (A1, B1, C1 and D1) are depicted as horizontal lines. 396 397 Figure 6 . 398 399 Figure 7 . 400
401
As it is depicted, the independent effect of the two variables is not sufficient to balance the 402 economic profitability of MCFCs and ICEs projects. On the one hand, at a constant stack 403 durability of 5 years, it is necessary to reduce the investment costs at around 1 k€/kWe (a 4.5-404 fold reduction) to balance the IRR of MCFCs and ICEs. On the other, at a constant investment 405 cost of 4.5 k€/kWe, it is not possible to balance IRR by increasing the stack durability. Although 406 improvements on the investment cost are more effective compared to improvements on stack 407 durability due to the sharper profile, it is concluded that new developments in fuel cell 408 manufacturing should be aimed both at a reduction of the investment cost and an increase of 409 stack lifetime. 410 411
Conclusions 412
Following audits on industrial-scale WWTPs and the operation of a pilot-scale unit, it was 413 possible to assess the application field of high-temperature fuel cells and compare them to 414 conventional CHP technologies. For all cogeneration systems, the impact of WWTP size on the 415 technical and economic performance was more significant than the biogas pollution level. 
